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ABSTRACT

Chemical and physicochemical data on water samples taken at depths
down to 4000 metres from eleven stations in the South-East Indian Ocean
in March 1978 have been compiled.

Samples from each station were analysed for variations with depth

of temperature, salinity, pH and alkalinity, dissolved oxygen, metal
ions and nutrients. From this material, comments have been made about
certain parameters in sea water which may have long-term operational
significance, viz. sound speed at various depths, the location of the
deep ocean sound channel axis, the absorption of sound in sea water and
the nature of the chemical environment at these stations.
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OCEANOGRAPHIC OBSERVATIONS IN THE INDIAN OCEAN, MARCH 1978

A CHEMICAL SURVEY BY MARINE ENVIROI'IENT GROUP

1. INTRODUCTION

This is a preliminary report, prepared solely to document the scientific
data arising from the MRL Cruise 0P7803 on board HM&S Diamant ina in the
Indian Ocean (February-March 1978).

4 No attempt has been made to analyse these data in detail in this report
as this will be the subject of further publications from these laboratories,
but the compilation has been scrutinized in detail and some general observ-
ations made.

2. CRUISE PROGRME AND OBJECTIVES

The cruise programme involved a transect of the Indian Ocean 0from
Fremantle to the Sunda Trench, proceeding north along meridian 105 E and
returning to Fremantle, proceeding south along meridian 1120E (Table 1 and
Figures 1 and 2).

- In this cruise, eleven stations were visited and, at each station, an
extensive water sampling progrme (Table 2) was carried out. A series of

chemical analyses was then performed on board ship and concluded back at HEL.

The aim of this cruise was to characterise the oceanic waters of part
of the Indian Ocean in terms of various chemical constituents, some of which
may relate to phenomena having long-term operational significance; these
include the velocity of sound in sea water (1,2], low frequency and inter-
mediate frequency sound absorption in sea water [3,41, sound reverberation [51
and transmission [6].



Samples from each station have been analysed for variations with
depth of

(i) temperature

(ii) salinity

' (iii) pH and alkalinity

(iv) dissolved oxygen

(v) magnesium and boron concentrations

(vi) trace metals, and

(vii) nutrients.

At shallower stations, sediment cores were taken and have been
characterised by chemical techniques [7].

3. METHOD OF COLLECTION AND ANALYSIS OF SAMPLES

All water samples were collected in 5 litre PVC Niskin bottles fitted
with reversing thermometer frames. The bottles were deployed at suitable
internationally accepted standard depths recommended by the United States
Navy Oceanographic Manual, No. 607, on a steel hydrographic wire [8].

3.1 Temperature

Water temperatures were taken with deep sea reversing thermometers,
both protected thermometers (with a range of -20 to 300C) and unprotected
thermometers (with ranges of either -2° to 300C, or -40 to 600C) being used.
The accuracZ of the temperature measurements has been quoted to be within the
range ±0.03 C.

3.2 Thermometric Depth
jp

., Depths were calculated from temperature measurements by the method
described by Pollack [91 using computer programs written at MRL. These
thermometric depths were considered to be accurate to within 1Z at depths
down to 1000 m and to within ±15 m at depths greater than 1000 m. They were
refined by graphical techniques, plotting wire length as a function of
thermometric depth to give the accepted depth at which the sample was taken.

3.3 Salinity

Salinity was measured with an Autolab Inductive Salinometer, Model 601
Mark III [10]. Salinity is recorded in units of grams of solid material per
kilogram solution or parts per thousand, by weight.

.4
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3.4 Dissolved Oxygen

The modified Winkler method described by Strickland and Parsons, was
used with potassium iodate as the iodometric standard [11,12,13]. Samples
were collected in 275-300 ml capacity bottles and were titrated to a starch
end point. Values are given as mg/i solution.

3.5 Chlorinity

Chlorinity was calculated from the salinity data, using the formula

S (ppt) - 1.80655 x Cl (ppt)

recommended by the UNESCO Joint Panel on the Equation of State of Sea Water
[14,15].

3.6 pH and Total Alkalinity
The Anderson and Robinson method was used to determine alkalinity (16].

pH measurements were carried out using a digital Radiometer pH meter
with a combination glass electrode.

All samples (150 ml) were collected in polyethylene bottles that were
soaked in 1% hydrochloric acid and then rinsed thoroughly in distilled water
before they were dried. Total alkalinity values are reported as milli-
equivalents per litre.

3.7 Magnesium

Samples were collected in 500 ml glass bottles and analysed by atomic
absorption spectrophotometry [17). Magnesium values are reported as mg/i or
parts per million. The value reported is the mean of ten replicate analyses.

3.8 Boron

Samples were collected in 100 ml polyethylene bottles and preserved
with 1 ml of 5% HgCI 2 solution. Boron was determined at MRL by the automated
curcumin method [18], the value reported being the mean of six replicate
analysis. The boron value is reported in mg/1 or parts per million.

3.9 Trace Heavy Metals

Samples were collected in 1 litre polyethylene bottles and acidified
to pH 1.5 with BDH suprapur nitric acid. Copper, lead, cadmium and zinc
were determined by anodic stripping volta---etry [19] on board ship and
selected samples reanalysed in the laboratory. The values are reported in
units of l g/l or parts per billion.

3.10 Nutrients

After collection, the water samples were stored in plastic bags
(Whirlpaks) at -200, transferred to MRL and subsequently analysed.
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All nutrients were determined at MRL employing automatic procedures
using a Chemilab Auto Analyser, Model 1977 [20].

N, The procedures adopted for these analyses followed that described in
the three standard reference books [8,11,13] used in our work.I

3.10.1 Nitrate/Nitrite

Nitrate/nitrite was determined at MRL by a modification of the method
of Armstrong (21].

In the first instance, a sample of the sea water is analysed for
nitrite, which reacts with sulphanilamide under acidic conditions to form a
diazo compound. This diazo compound then couples with N-(l-naphthyl)-
ethylenediamine dihydrochloride to yield a reddish-brown azo dye, which can
be monitored spectrophotometrically.

A second sample is then analysed for nitrate/nitrite by first reducing
nitrate to nitrite on a cadmium-copper reactor column and then analysing for
total nitrite, as above.

The concentration of nitrate represents the difference in these two

analyses.

3.10.2 Silicate

In this determination, silicate was converted to silicomolybdate in
acid solution and then reduced to a "molybdenum blue" by ascorbic acid [22];
phosphate interference is eliminated by the addition of oxalic acid to the
sample stream of the autoanalyser before the addition of ascorbic acid.

3.10.3 Orthophosphate

In this method, orthophosphate complexed with ammonium molybdate to
form the well-known phosphomolybdenum blue complex [23], which was monitored
at 880 nm.

3.10.4 Ammonia

Ammonia was determined by the Berthelot Reaction, in which a blue
coloured compound, believed to be closely related to indophenol, is formed
when a solution of an ammonium salt is added to sodium phenoxide, followed
by the addition of sodium hypochlorite [24]. To eliminate interference
caused by the precipitation of calcium and magnesium hydroxides in this
method, a solution of potassium sodium tartrate and sodium citrate is added
to the sample stream.

4. DATA SHEETS AND TABLES

4.1 General

The analytical data (Section 3) have been reproduced in Section 5 on
microfiche.

!4 It "4



In the first set of data, the physical conditions prevailing at each
station are identified and the following variables of interest recorded

wire length, accepted depth, sea water temperature,
salinity, chlorinity, dissolved oxygen, pH and
total alkalinity.

In the second set of data, the concentrations of the following metal
ions are tabulated

4 magnesium, boron, copper, lead, cadmium and zinc

as well as the following nutrients:

* phosphate, nitrate, nitrite, ammonia and silicate.

4.2 Note

Where zero appears in this compilation, viz. '0', it means that either

the analysis was not carried out or that it was not reproducible.

Where a query appears, '?', the analysis has been reproducible but the

value appears anomalous.

4.3 Headings

An explanation of the headings for the data sheets is given below

Station Gives the station identification; e.g.
0P7803A signifies the first station in
MRL cruise of March 1978.

Date Given as day/month/year.

Time (Table 3) Given in time zone and is the time at the
beginning of the first cast.

Latitude/Loingitude Given in degrees and minutes.

ASonic Depth Given in metres, measured at standard
sound velocity of 800 fm per second.

wire Angle Wire angle at surface, expressed in
(Messenger release) degrees, at time of messenger release.

4wire Angle Wire angle at surface, expressed in
(Recovery start) degrees, at time of recovery of bottles.

Wet-Bulb Air temperature recorded from wet bulb
Deg - C thermometers in 0 C.

Dry Bulb Air temperature recorded from dry bulb
Deg -C thermometers in OC.
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Sea Temp Sea surface water temperature recorded
Deg - C in 'C.

Swell Direction, Sea swell direction and amount coded
Amplitude (metre) using Tables 6 and 8, in US Hydrographic

Manual No. 607 (Ref. 8).

Wind Speed (knots) Wind direction and speed are coded using
Direction Tables 8 and 9 in US Hydrographic Manual

No. 607 (Ref. 8), Beaufort number
recorded.

Pressure Atmospheric pressure, millibars.

Cloud Cloud amount is coded using Table 3 in
US Hydrographic Manual No. 607 (Ref. 8).

Secchi Water transparency measurement for black
and white discs, in metres.

Water Colour Water colour measured using Forel Ule
scale.

Marsden Square Location identifier.

Length Amount of hydrographic wire deployed at
sampling depth, in metres.

Depth Actual sampling depth, in metres.

Temp Sea temperatures recorded in 0C.

Salinity Given in parts per thousand.

Chlorinity Given in parts per thousand.

Oxygen Given in mg/i (ppm).

Total Alk Total alkalinity given in milli
p. equivalents per litre.

Various Elements Parts per million, by weight, etc.

Nutrients Micrograms of atom per litre.

5. ANALYTICAL DATA, INDIAN OCEAN CRUISE (0P7803)

On the enclosed microfiche, the analytical data obtained from the above
cruise have been summarised. As mentioned in the Introduction, no attempt
has been made to analyse these data in detail in this report; however, these
data can be compared with those reported in the literature [25] relating to
the world's oceans, overall (Table 4). There are some apparent differences

*and these will be commented an later.
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In Tables 5 and 6, data has been taken from the microfiche card to
illustrate the reproducibility of data obtained from different casts on the
same station (Table 5) and to show how the analytical data relating to heavy
metal ion concentrations can vary within a water column (Table 6).

Inspection of Table 5 indicates that the precision with which temper-
ature, salinity, dissolved oxygen concentration, pH and alkalinity,
magnesium concentration and borate concentration can be measured is very
high and that significant changes in these parameters do have some analytical

4 significance.

On the other hand, the significance of variations in trace metal ion
concentrations at the parts per billion level may be questioned. Variations
by a factor of 3 or more do occur and this limit on the precision achievable
then reflects itself on the individual accuracy of any set of measurements.
Experimentally, all that may be said is that, using anodic stripping
voltaznmetry, which is presently the most sensitive and most satisfactory
technique available for measuring trace metal levels at these concentration
levels 119b], variations in concentrations do occur within the water column
(Table 6), but the experimental uncertainty with regard to any one value
possibly clouds the significance of the variations at these concentration
levels.

6. APPLICATION OF THESE RESULTS

6.1 Deep Ocean Sound Channel Characteristics

From the literature, it appears that a major part of any undersea
surveillance capability depends on the ability to locate the position of
submerged submarines by sound fixing and ranging (SOFAR) techniques [26,27],
the accuracy of a "fix" being very dependent upon the use of a correct sound
speed in the deep ocean sound channel [27].

The speed of sound in sea water can be calculated very accurately from
a knowledge of the depth, salinity and temperature of the sea [1,281,
parameters which were measured on this cruise. From this, one can then
deduce not only the depth of the SOFAR channel but also its variation with
location (Tal-les 7 and 8).

An oversimplified but enlightening sound speed equation, applicable
for T = -6 0C, S5 35 ppt and D < 1000 m, enables one to appreciate how the
speed of sound depends on oceanographic parameters, viz.

v = 1449.14 + 4.57 T + 1.4 (S-35) + 0.016 D

where v is the speed of sound (m sec-1 ) at a depth D (metre) in sea water at
a temperature T (0C and salinity S (parts per thousand) [29].

This equation indicates that, near the SOFAR axis, which occurs at
depths of about 950 m, the sound velocit, is influenced mainly by temperature

changes, to the extent of ca. 4.6 m sec- (C)-l
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6.2 Low Frequency and Intermediate Frequency Sound Absorption

Active and passive sonars operate in different parts of the acoustical
spectrum, low-frequency absorption of the sonar energy being due primarily
to the presence of borate and complexed carbonate species in solution [3,30,31],
and intermediate sound absorption being due to magnesium sulphate ion pairs
in sea water [4].

The magnitude of these sound absorption processes and the relaxational
* frequency about which they are centred depend on the salinity, temperature,

depth, pH and alkalinity, and can be calculated from them, using appropriate
equations [3,4,30]. These results will be the subject of a separate report
from these laboratories, (MRL Report 788).

6.3 Magnesium, Boron and Alkinity

Magnesium is considered to be one of the major cations present in sea
water [25] and, from comprehensive studies by Culkin and Cox and others

* (quoted in Ref. 32), it has been suggested that there is a relatively constant
generalized ratio of magnesium :chlorinity in sea water of the order of
0.0668.

When this ratio is calculated from the experimental data presented in
Table 5, the values obtained (Table 9) are much lower than the generalized
figure, suggesting that there are apparently rather large anomalies in these
generalized values.

In addition, it can also be noted that the concentration of magnesium
at Station B over the whole water column is considerably lower than that at
the other stations. The reason for this is not apparent but it should be
borne in mind, especially if one is going to compare observed and calculated
variations in intermediate frequency sound attenuation parameters in this
area of the Indian Ocean [4].

The concentration of boron as borate in sea water of 35 ppt salinity
has been cited to have a value of ca. 4.5 ± 0.2 mg kg-1 or ppm [32], values
which cover the range of the MRL Cruise data presented in Table 5,
4.60 ± 0.07 ppm.

In Table 10, the relative concentrations of various ions which
contribute to the total alkalinity of sea water, 35 ppt salinity and pH 8.0,
is given. These data come from that provided by Stumm and Morgan [331. It
can be seen that the main contribution to the alkalinity of sea water is
that from bicarbonate, estimated to be ca. 2.5 x 10-3 mequiv. 1-4 , that from
borate being ca. 0.04 x 10-3 mequiv. 1-1.

These values are comparable with those of Table 5.

6.4 Environmental Chemistry :Heavy Metal Ions in the South-East Indian Ocean

In SectionS5, it was pointed out that there are differences between the
* analytical figures obtained in this cruise for the concentrations of the

various heavy metal ions (for example, Table 5) and those summarizing the
literature (for example, Table 4). However, the significance of these differ-
ences is debatable, not only because of the inherent difficulties in defining
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the accuracy of any particular analytical procedure at these levels of
concentration, but also because generalized data such as in Table 4 are not
necessarily representative of individual areas. In addition, no one measure-
ment in an area necessarily reflects the character of the total water column
(Table 6).

To illustrate these problems, in Table 11 results from Table 5 and
those of several other research groups investigating waters from several
different oceans have been listed together and compared with those listed by
Brewer in his review, "Minor Elements in Sea Water" [25].

The only major discrepancy between these results and those of Brewer
arises in the case of lead, where there has been considerable dispute in the
literature for a long time [34]. It would appear that the lower values,
quoted by Brewer, are probably correct [35].

The important thing from our point of view is that our techniques and
the data we obtain are reliable and reproducible and that they can be used
at least to detect and to discriminate against major changes with an accept-
able degree of precision and confidence. Results from interlaboratory
studies confirm the overall accuracy of our work [361.

7. SUMMARY

In this report, the principal aim of which was to document the
scientific data arising from an oceanographic cruise, some attempt has been

* made to indicate how these data may be used.

The systematic surveying and mapping of chemical and physicochemical
quantities in an ocean is difficult, painstaking and sometimes tedious;
however, it is also necessary. As far as the authors can ascertain, this
has been the first comprehensive survey and presentation of a chemical
investigation done in this part of the Indian Ocean, probing the deep ocean
waters below ca. 1000 m and one hopes these end results may be useful and
worthwhile. Of the material presented for discussion, the authors chose
topics reflecting their own expertise and interests; they admit it has been
rather selective and acknowledge that there are many other topics, using the
data reported herein, which may appeal to other physical and chemical
oceanographers (37-40].

-A.
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TABLE 1

GENERAL TIMETABLE OF TRAVEL BETWEEN STATIONS

INDIAN OCEAN CRUISE 0P7803 (HMAS DIAMANTINA)

Station Location Day Date Arrival Departure

Latitude Longitude (Perth Time)
Os  vE

Fremantle Tues 280278 - 0830

A 29040 '  111031 '  Wed 010378 0400 0715

B 26056 '  107018 '  Thur 020378 0330 0825

C 22058 '  105001 Fri 030378 0500 0830

D 17059 '  10501 Sat 040378 0630 0950

E 130191 104059 '  Sun 050378 0800 1215

F 090011 104059 '  Mon 060378 0815 1145

G 10015 '  11000, Tues 070378 1025 1340

H 14040 '  11200, Wed 080378 1200 1515

J 19030 '  112001 Thur 090378 1325 1545

K 2400' 11200' Fri 100378 1237 1355

L 2900, 113031' Sat 110378 1320 1500

Fremantle Sun 120378 1130 -

Locations on station were fixed by SATNAV co-ordinates.}.
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TABLE 2

GENERAL INFORMATION ON ACTIVITY AT EACH STATION

-• ,INDIAN OCEAN CRUISE OP7803 (HMAS DIAMANTINA)

Station Depth Comments
(M)

A 5280* 2 Casts, 1 x 1000 m, 1 x 4000 m,
10 bottles each cast.

B 5670* As for A. On second cast,
messenger snagged on 4th bottle.
Cast repeated.

C 52006 As for A.

D 55006 As for A. 4000 m sample missed.
Messenger snagged on twisted
hydrowire.

E 6100 As for A.

F 5666* As for A.

G 77006 As for A.

H 4416* As for A.

3 2030* One cast to 1530 m. 13 bottles.
Corer tested and found defective.

K 960* One cast to 850 m. 10 bottles.
Modified corer used. Core sample
obtained.

L 1120* As for K.

* PDR depth.

6 Nominal depth. PDR depth unavailable.

Typical currents on station - -knot.

JIOO



T A BLE 3

CODE FOR TIME ZONES

Longitude

Exceeding Up to but not Time Code
Exceeding Zone

(hr a)

07 030'E 22 030' -1 A

22 30'E 37 30'E -2 B

37 030'E 52 30'E -3 C

52 030'E 67 030'E -4 D

67 30'E 82 30'E -5 E

82 030'E 97 030'E -6 F

97 030'E 112 030'E -7 G

112 0 30'E 127 030'E -8 H

127 030'E 142 030'E -9J

142 0 30'E 157 030'E -10 K

157 0 30'E 172 030'E -11 L

0 0

1800 172 30'W +12 Y

172 030'W 157 0 301w +11 X

157 0 30'W 142 0 30'W +10 W
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TABLE 4

THE ABUNDANCES OF SELECTED CHEMICAL ELEMENTS
IN THE SEA, AS LISTED BY BREWER [25]

Element Species Total Concentration

M 11 g 1-1 (ppb)

Mg Mg (II) 5.3 x 10-2 12.9 x 105

B borate 4.1 x 10 - 4 4.4 . 10 3

C C02/C03
2- 2.3 < 10 - 3  2.8 X 104

Si silicate 7.1 < 10 - 5  2 x 1064

P phosphate 2 x 10-6 60

Cl Cl- 5.46 x 10 4  18.8 x 106

Cu Cu (II) 8 x 10 - 9  0.5

Zn Zn (II) 7.6 x 10 - 8  4.9

Pb Pb (II) 2 x 10 - 10  3 x 10 - 2

Cd Cd (II) I x 10 - 9  0.1

A

$1
%1
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TABLE 6

THE VARIATION OF HEAVY METAL ION CONCENTRATIONS

WITHIN A WATER COLUMN : STATION Cl (0P7803)

Length Depth Cu Pb Zn

(M) (M) (ppb) (ppb) (ppb)

50 47 0.65 0.55 6.41?

100 94 0.33 0.55 1.40

150 142 1.19 0.90 1.53

200 188 0.74 0.24 3.02

300 284 0.95 1.33 0

400 379 1.02 0.40 0.94

600 573 0.49 0.33 6.73

800 768 1.85 1.16 3.63

1000 963 1.38 0.69 1.50

4Concentrations are in units of ppb, parts per billion

ft



TABLE 7

CHARACTERISTICS OF THE DEEP OCEAN SOUND CHANNEL ALONG THE

* . SOFAR AXIS AS DETERMINED FROM MRL CRUISE 0P7803

IN THE SOUTH-EAST INDIAN OCEAN, MARCH 1978

S o SChannel Characteristics
Stat ion

Depth Depth Temp. Salin. pH Sound Vel.

(M) (m) (C) (ppt) (m sec-1 )

A 5280 940 4.6 34.5 7.94 1484

B 5670 925 4.9 34.4 7.96 1485

C 5200 960 5.1 34.6 7.90 1486

D 5500 920 5.4 34.7 7.85 1487

E 6100 950 5.3 34.6 7.81 1487

F 5666 1175(?) 4.7 34.8 7.80 1489

G 7700 925 5.3 34.6 7.81 1486

H 4416 940 5.3 34.6 7.79 1487

2030 >905 5.9 34.6 7.85 1487

21 K 960 too s h a l l o w

L 1120 t oo s h a 1 1 o w

M

'. .
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T A BLE 9

MAGNESIUM CHLORINITY RATIOS CALCULATED FRCI COM(PARATIVE DATA
TAKEN AT A NCKIINAL DEPTH OF 1000 m AT STATIONS A TO D

Station Depth Mg Cl Mg : Cl
(Mn) (ppt) (ppt)

Al 941 1.252 19.086 0.06560

A2 939 1.251 19.114 0.06545

Bi 927 1.170 19.066 0.06137

B2 915 1.175 19.227 0.06112

Cl 963 1.242 19.146 0.06487

C2 961 1.247 19.134 0.06517

Dl 946 1.262 19.182 0.06579

D2 917 1.276 19.181 0.06652

Average 1.234 19.142 0.0645



TABLE 10

DISTRIBUTION OF SPECIES EFFECTING THE ALKALINITY
OF SEA WATER AT pH 8.0, SALINITY 35 ppt,

AS LISTED BY STUH AND MORGAN [33]

Species Conc. (M)

H 2CO 3  5.6 x 10 - 5

HC0 3- 2.5 x 10-3

C03-- 1.6 x 10 - 5

H+ 10-8

OH- 10- 6

B(OH) 3  4.0 x 10 - 4

B(OH)4 -  4.0 x 10-5

Si(OH)4  1.7 x 10- 4

SiO(OH) 5.6 x 10-6

-13

."



TABLE 11

COMPARISON OF THE TRACE ELEMENT CONCENTRATIONS IN SEA WATER
DETERMINED BY DIFFERENT AUTHORS

Reference Analysis Cu Pb Cd Zn

(microgram per it r e)

This Work ASV 0.8-2.3 0.4-1.4 0.03-0.06 1.5-3.8
(Table 5) av. 1.3 av. 0.8 av. 0.05 av. 2.6

MRL OP7502 ASV 0.03-4.5 0.1-2.7 0.02-0.54 1.5-8.6
(Ref. 19b) av. 1.2 av. 1.0 av. 0.04 av. 4.4

Chester & Stone S 0.1-3.9 - 0.02-0.30 0.4-13
(Ref. 19b)

Brewer et al. AA 0.3-2.8 - - 1.1-10
(Ref. 19b)

Florence ASV 0.9-9.8 0.4-1.9 0.3-1.0 2.8-6.5
(Ref. 35)

Brewer Review 0.5 0.03 0.1 4.9
(Table 4)

Note: ASV = anodic stripping voltammetry

S - spectrophotometry

AA - atomic absorption spectroscopy

ii'"
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